ABSTRACT: This study examined the in vitro effects of temperature on Betanodavirus infection in the SSN-1 cell line. A Betanodavirus isolated from moribund sea bass fry Dicentrarchus labrax farmed in the Adriatic Sea and characterised as a RGNNV (Redspotted Grouper Nervous Necrosis Virus) genotype was used. Virus-infected SSN-1 cells were incubated at temperatures between 10 and 30°C and observed for cytopathic effects daily for 15 d. Cell-free and cell-associated viral growth were evaluated by 50% tissue culture infectious dose (TCID 50 ) titration at 0, 24, 48, 72, 96, 144, 192, 240, 312 and 360 h post-infection. Virus replication was observed at all temperatures from 15 to 30°C. The optimal temperature for virus growth was 25°C. A temperature of 10°C was detrimental to the growth of the SSN-1 cells and cell death interfered with interpretations of viral growth. The isolate of Betanodavirus from Italian sea bass in this study demonstrates a different temperature range for growth compared to previous reports for related Betanodavirus strains, most likely due to an adaptation to the normal environmental temperatures of the host fish species of origin.
INTRODUCTION
Viral encephalopathy and retinopathy (VER) virus, otherwise known as viral nervous necrosis virus, is responsible for frequent outbreaks characterized by high mortality among a wide variety of marine fish species (Munday et al. 2002) . The disease VER mainly affects the larval and juvenile stages, which show neurological symptoms due to the typical vacuolation and degeneration in the brain, spinal cord and retina (Munday et al. 2002) . The disease is caused by a nonenveloped bi-segmented single-strand positive-sense RNA virus about 25 to 30 nm in diameter that has been classified in the family Nodaviridae, genus Betanodavirus (Ball et al. 2000) . Based upon capsid protein gene sequences, members of the Betanodavirus can be separated into 4 genotypes: Striped Jack Nervous Necrosis Virus (SJNNV), Tiger Puffer Nervous Necrosis Virus (TPNNV), Barfin Flounder Nervous Necrosis Virus (BFNNV) and Redspotted Grouper Nervous Necrosis Virus (RGNNV) (Nishizawa et al. 1997) .
The observation of natural outbreaks and experimental infection show that water temperature plays an important role in the induction of the disease (Fukuda et al. 1996 , Le Breton et al. 1997 , Tanaka et al. 1998 and in vitro studies in cell lines confirm its important role in viral replication (Chi et al. 1999 , Iwamoto et al. 2000 , Lai et al. 2001 , Aranguren et al. 2002 . Differences in virus proliferation, cytopathic effect (CPE) and incubation temperatures were observed among viruses in each of the 4 genotypes by Iwamoto et al. (1999) . Their studies demonstrated that RGNNV strains grew well at 25°C compared to 20°C for strains from the tiger puffer or barfin flounder tested. Subsequent studies by Ciulli et al. (2004) showed that temperature tolerances may also occur among strains of the RGNNV genotype. In order to further investigate these potential differences, we examined the viral growth characteristics of a particular strain of the RGNNV genotype as isolated from marine fish from Italy.
MATERIALS AND METHODS
Virus strain. The virus used in this study was isolated from naturally nodavirus-infected European sea bass fry Dicentrarchus labrax (3 mo of age) during an outbreak of VER when water temperature was ca. 25°C in the Adriatic Sea in Italy. RT-PCR with primers F2-R3 (Nishizawa et al. 1994 ) was conducted on viral RNA extract from the brain. The virus was isolated on SSN-1 cell line as previously described (Frerichs et al. 1996) and it was designated It/351/Sb.
The virus was further characterized following extraction of genomic RNA by the phenol:chloroform method (Chomczynski & Sacchi 1987) . Based upon known Betanodavirus sequences available from GenBank, primers S6 (5'-ATGGTACGCAAAGGTGATAA GAAA-3') and S7 (5'-GTT TTCCGAGTCAACACGGG T-3') were chosen to amplify the coding region of RNA2.
The PCR product was then purified using a High Pure PCR Product Purification Kit (Roche) and then sequenced in both directions with an automatic sequencer ABI 377 (Applied Biosystems). The sequences obtained were aligned and compared to those of the different genotypes available in GenBank (D30814: SJNNV; D38637: TPNNV; D38635: BFNNV; AHNVA: J245641; D38636: RGNNV) using Clustal W (Thompson et al. 1994) of Lasergene Biocomputing software (DNASTAR). The USA/1565/An strain isolated from white sea bass Atractoscion nobilis cultured in southern California used for previous temperature-dependency studies (Ciulli et al. 2004 ) was also included in the alignment.
Effect of temperature on Betanodavirus infection. SSN-1 cells were grown as monolayers in 12-well plates and then each well was inoculated with 10 5.16 TCID 50 of It/351/Sb virus. Monolayers were washed twice with L-15 medium after 1 h incubation. Replicate plates were incubated at 10, 15, 20, 25 and 30°C and observed daily for the presence of CPE. At 0, 24, 48, 72, 96, 144, 192, 240, 312 and 360 h post-infection, 2 wells of infected cells at each temperature were examined for the presence of both cell-free and cell-associated virus by titration on SSN-1 cells.
Virus titration. Cell culture medium and cells were collected by scraping the bottom of the wells and were then separated by centrifugation. Virus was released from cells by 2 cycles of freezing and thawing. The titrations were performed in 96-well plates incubated at 25°C. After 15 d, the 50% tissue culture infectious dose (TCID 50 ml -1 ) was calculated using the method of Reed & Muench (1938) .
Statistical analysis.
All results obtained were expressed as means ± SD. Data were tested for significance by analysis of variance (ANOVA), followed by Tukey tests (Prism v4.0, GraphPad Software) to determinate differences among the obtained virus concentrations. Mean values were considered significant when p < 0.05.
RESULTS

Virus isolation, RT-PCR and RNA2 characterization
Viral RNA extracted from infected cell culture supernatant was amplified with the S6-S7 primers providing a specific 1014 bp PCR product and a sequence of 987 bp from the RNA2 segment of the It/351/Sb genome (GenBank accession number: AY620367).
The alignment obtained placed both the Italian isolate and the USA/1565/An strain (GenBank accession number: AY620368) into the RGNNV genotype. The It/351/Sb and USA/1565/An strains shared a 95.9% sequence identity and similarities of 99.3 and 96.0%, respectively, with the RGNNV reference strain, whereas sequence identity was less than 83.3% compared with other genotypes. (Fig. 1H) . At 15°C and beginning on Day 4 post-infection, alterations to the monolayer but not the typical cytoplasmatic vacuoles were present in both infected and control SSN-1 cells. The cell began to detach and clustered, leading to a complete destruction of the monolayer (Fig. 1C,D) by Day 13. At 10°C, both control and virus-inoculated cells began rounding by Day 4 and by Day 10 had detached and were floating in the medium (Fig. 1E,F) .
Effect of temperature on
Virus titration
Concentrations of cell-free and cell-associated virus were 10 1.96± 0.34 and 10 4.24± 0.56 TCID 50 ml -1
, respectively, immediately after adsorption of virus. Virus concentrations were greatest (p < 0.05) in the cell pellet, apparently due to a rapid and efficient adsorption of the virus to the cells. In cell samples incubated at 20, 25 and 30°C the virus concentrations increased markedly over time to provide typical growth curves but with significantly different optima reached at different time points (Fig. 2A) .
At 30°C, virus concentrations increased more rapidly but the maximum titres of cell-associated virus were reached at 72 h post-infection (6.37 ± 0.25), which was significantly less than the maximum titre obtained in cell-associated virus at 20°C at 240 h post-infection (7.93; p < 0.05), and at 25°C at 144 h post-infection (7.96 ± 0.17; p < 0.05). Despite the lower concentrations of cell-associated virus at 30°C, cell-free virus concentrations at this temperature appeared to be greater than those obtained at 20 and 25°C during the first 8d following infection, but not significantly so (p > 0.05; Fig. 2B ). Concentrations greater than 10 7.5 were reached 8 d after infection at 25°C and at 10d at 20°C, a value similar to that observed at Day 3 at 30°C. At 30°C, virus concentrations began to decrease quickly after 10d and by 13d were significantly less than those at 20 or 25°C (p< 0.05; Fig. 2B ).
At 15°C, viral growth was preceded by a long latent period. Significant increases in cell-associated virus concentrations from those at time 0 were not observed until 10 d post-infection (p < 0.05). Maximum virus concentrations of 10 6.13 TCID 50 ml -1 in the cell-associated and 10 6.17± 0.38 TCID 50 ml -1 in the cell-free samples were reached by 13 d post-infection (Fig. 2C) .
Virus titres remained constant for all days tested for cell-associated samples incubated at 10°C with a slight increase in cell-free virus at 96 h post-infection (Fig. 2D) .
DISCUSSION
This study examined the effects of temperature on the in vitro replication of an Italian Betanodavirus strain in the SSN-1 cell line. Outbreaks due to nodavirus among marine fish in Italy are usually observed in the summer when water temperatures are greater than 25°C; however, some authors have described Betanodavirus outbreaks at temperatures as low as 14 to 15°C (Galeotti et al. 1999) .
Our in vitro studies show that the It/351/Sb strain from Italy can grow at a wide range of temperatures (from 15 to 30°C with an optimum of 25°C), which is similar to the range of permissive temperature for other strains of RGNNV tested. However, some grouper strains have been shown to have temperature optima of 28°C (Lai et al. 2001 ) and they may not be able to growth at 15°C (Iwamoto et al. 2000) . In contrast, the USA/1565/An strain isolated from white sea bass (Curtis et al. 2001 ) was unable to grow at 30°C (Ciulli et al. 2004) . As these fish species are farmed at different water temperatures, variations in growth temperatures for viruses within the same genoytpe may have adapted to the specific environments, as has been hypothesized for viruses of different genotypes (Iwamoto et al. 1999) . The lack of correlation between growth temperature and genotype could be due to the fact that genotype classification is based on sequences of the RNA2 genome segment that encodes for virus coat protein (Nishizawa et al. 1997) , while growth temperature differences would be more suitable to reflect differences in RNA1 segment that encodes for the RNA-polymerase (Mizumoto et al. 2002 , Shuichi et al. 2003 . The observation of viral growth at different time points allowed us to better analyse the 30°C effect. This temperature was permissive for growth of the It/351/Sb strain, but this virus was less stable at this temperature, decreasing quickly in titre after the peak concentration of virus was reached.
Alterations observed in uninfected cells at 10 and 15°C indicate that these temperatures are in general unsuitable for the SSN-1 cell line. Despite suboptimal temperatures, the increase in virus titres shows that 15°C can be a permissive temperature for the It/351/Sb strain. This result could explain the evolution of some outbreaks observed at 14 to 15°C in the Mediterranean Sea. On the contrary we did not observe any viral growth at 10°C, but cell death could interfere with virus replication, so we could not exclude the possibility that the It/351/Sb strain would be able to grow at this temperature.
Our study on the temperature growth range of the It/351/Sb strain provides evidence for variability between different strains of betanodaviruses that belong to the same genotype. Further, these in vitro effects of temperature on virus replication may have important counterparts for the in vivo growth of the virus and disease severity.
The mechanisms underlying the effects of temperature on in vitro and in vivo virus growth are necessary areas for future research on the betanodaviruses. Particularly, comparing other strains from different fish could elucidate if any correlation between host species and temperature behaviour exists.
